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Abstract: Herein, novel hybrid nanomaterials were developed for wound dressing applications 
with antimicrobial properties. Electrospinning was used to fabricate a double layer nanocomposite 
nanofibrous mat consisting of an upper layer of poly(vinyl alcohol) and chitosan loaded with 
silver nanoparticles (AgNPs) and a lower layer of polyethylene oxide (PEO) or polyvinylpyr- 
rolidone (PVP) nanofi bers loaded with chlorhexidine (as an antiseptic). The top layer containing 
AgNPs, whose purpose was to protect the wound site against environmental germ invasion, was 
prepared by reducing silver nitrate to its nanoparticulate form through interaction with chitosan. 
The lower layer, which would be in direct contact with the injured site, contained the antibi- 
otic drug needed to avoid wound infections which would otherwise interfere with the healing 
process. Initially, the upper layer was electrospun, followed sequentially by electrospinning the 
second layer, creating a bilayer nanofi b rous mat. The morphology of the nanofi brous mats was 
studied by scanning electron microscopy and transmission electron microscopy, showing 
successful nanofiber production. X-ray diffraction confirmed the reduction of silver nitrate 
to AgNPs. Fourier transform infrared spectroscopy showed a successful incorporation of t he 
material used in the produced nanofibrous mats. Thermal studies carried out by thermogravi- 
metric analysis indicated that the PVP–drug-loaded layer had the highest thermal stability in 
comparison to other fabricated nanofi b rous mats. Antimicrobial activities of the as-synthesized 
nanofi b rous mats against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, 
and Candida albicans were determined using disk diffusion method. The results indicated that 
the PEO–drug-loaded mat had the highest antibacterial activity, warranting further attention 
for numerous wound-healing applications. 
Keywords: nanomaterials, wound dressing, nanofibers, electrospinning, biomedical, antimi- 
crobial, activity 
 
Introduction 
Electrospinning is a simple and cost-effective technique used to fabricate fibers with  
a diameter on the nanometer scale.1 Electrospun nanofibers have been studied exten- 
sively for their potential benefits in tissue scaffolding,2,3  drug release,4–6  and wound 
dressings.7–9   Wound dressings with nanofibrous materials contribute to improved 
hemostasis, absorption of exudates from the wound, flexibil i ty in the designed dressing 
mat, and maintenance of moisture in the wound environment, allowing for oxygen and 
water permeability.10 Their greatest potential, however, lies in their physical features 
as electrospun nanofib e rs have large surface area to volume ratios, high porosity con- 
taining small pores, and a matrix morphology that resembles the natural extracellular 
matrix of the human body.11,12
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The use of composite nanofib ro us mats in wound dress- 
ing applications is of more interest in comparison to the 
pristine mats because of their enhanced properties. According 
to the literature, the majority of electrospun composit e 
nanofibrous mats have been fabricated using blends13,14  or 
in the form of core-shells.15   Nevertheless, relatively less 
research has been conducted on sequential electrospinning 
to create a mult ilayered wound dres s ing electrospun 
nanofibrous mat.16 
Sirc et al prepared a multilayered structure of the 
nanofibers using Nanospider™ needleless technology . 
The mat consisted of two polyurethane layers sandwiching 
a poly(vinyl alcohol) (PVA) layer, which held the antibiotic 
gentamicin. Mats with differing polyurethane thickness 
values were fabricated, demonstrating that an increase in 
layer thickness contributed to the prolonged release of 
gentamicin.17  Chen et al created a nanofibr ou s multilayered  
structure of poly(d,l)-lactide-co-glycolide and collagen that 
contained vancomycin, gentamicin, and lidocaine to repair 
infected wounds. The study included conditions in which the 
electrospun mats were prepared, an in vitro test and an in vivo 
investigation completed on rat wounds.18  This multilayered  
mat proved to be effective at facilitating wound healing at an 
early stage. More recently, Tan et al developed a bilayered 
wound dressing consisting of polyurethane and gelatin; the 
double layer used in their investigation showed desirable 
performance in terms of water vapor transmission rate and 
water absorption ratio with hemostatic and antibacteria l 
properties.16 
A commonly studied polymer in fabricating wound 
dressing mats is chitosan. Chitosan is a natural polymer that 
is biodegradable and biocompatible at a low cost. 
Furthermore, it has polycationic properties that allow it to 
act as an antimicrobial with a wide spectrum of antibacterial 
activity. Chitosan has also been proven to enhance tissue 
regeneration and hemostasis.19–21  However, pure chitosan is 
not an easily obtained electrospun nanofiber due to its high 
viscosity in the solution. Hence, to obtain nanofib ers , chitosan 
can be mixed with readily spun polymers such as PVA 7,22,23  
and polyethylene oxide (PEO).24  PVA is considered as one 
of the oldest and most frequently used synthetic polymers 
with good biocompatibility properties.25 
In order to enhance the antibacterial activity of dress- 
Dovepress 
 
because of the AgNPs. The results also showed that PVA/ 
chitosan/AgNPs should be more effective than PVA/ 
chitosan/silver nitrate as wound dressing mats due to the 
leading performance of the AgNPs in the in vitro and in vitro 
animal experiments. 
In general, wounds are repaired by the natural healing 
process; however, wound infections can be particularly prob- 
lematic to this process. Consequently, the addition of drugs to 
the composite nanofib rou s mat is essential to provide a septic 
environment for the injured site to heal more easily. There are 
several therapeutic agents or antibiotics that have been used to 
serve this purpose, such as gentamicin sulfate,27 minocycline,28 
norfloxacin,29 and chlorhexidine.30,31 Chlorhexidine is an anti- 
septic included in several biomedical applications, including 
disinfectants and antibacterial agents that are non-toxic to 
mammalian cells, due to its subsensitivity for skin, low irrita- 
tion, and role against a wide range of microorganisms such as 
Gram-negative and Gram-positive bacteria and fungi.32,33 
In this article, we propose a novel double-layer electro- 
spun nanocomposite nanofibrous mat for wound dressing 
applications serving a dual function. The first layer of the 
mat, which is exposed to the environment, consists of PVA/ 
chitosan/AgNPs. Although this layer has been reported as an 
effective antibacterial nanofib rou s mat for wound dressing,26 
there are possible negative effects from exposure to AgNPs, 
due to their unique distribution patterns in vivo. Furthermore, 
surface chemistry is also of concern as it is still poorly 
understood at this point.34,35   In this investigation, AgNPs 
were used as an upper layer, which played a protective role 
against environmental germs blocking microbial invasion to 
the injured site. The second layer, which is in direct contact 
with the injured site, is composed of electrospun PEO or 
polyvinylpyrrolidone (PVP) nanofibers incorporated with  
chlorhexidine as a model antimicrobial (antiseptic) com- 
pound. The involvement of chlorhexidine in this layer inhibits 
the bacterial growth at the wound site that would otherwise 
obstacle the healing process. 
 
Materials and methods 
chemicals 
PVA (molecular weight 89,000–98,000, 99+% hydrolyzed) 
was obtained from Sigma-Aldrich. Chitosan (mediu m 
molecular weight) was purchased from Sigma-Aldrich. The
ing mats against both drug-sensitive and drug-resistant AgNO was obtained from Sigma-Aldrich. PVP (molecular
pathogenic bacteria, Lee et al incorporated silver nanopar- 
ticles (AgNPs) into a blend of chitosan and PVA polymeric 
mats.26  The fibers showed a strong antibacterial inhibitory 
effect on Escherichia coli and Staphylococcus aureus 
weight 1,300,000) was obtained from Sigma-Aldrich. PEO 
(molecular weight 200,000) was acquired from Sigma- 
Aldrich. Aqueous acetic acid ($99.7%) was also obtained 
from Sigma-Aldrich. All reagents were used without further
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purification. Double-distilled water was used to prepare all 
polymer solutions. 
 
Preparation of electrospinning solutions 
First layer 
Initially, a PVA solution with a concentration of 8 wt/wt% 
was prepared by dissolving the polymer in distilled water 
(80°C) using magnetic stirring until the solution was clear. 
Chitosan solution was prepared by dissolving the polymer in 
2 v/v% acetic acid using magnetic stirring at a temperature 
of 60°C until the solution was clear. PVA/chitosan with a 
concentration of 12/4.7 wt/wt% was prepared by adding 
chitosan to PVA, while continuing to stir using magnetic 
stirring to ensure the production of homogeneous solutions. 
Subsequently, silver nitrate was added to the dissolved 
FEI Tecnai GF S-Twin TEM (FEI). Samples were prepared 
by sonicating the nanofiber mat in ethanol for 2 hours. The 
solvent was dropped and dispersed on a carbon-coated grid. 
Following solvent evaporation, samples were processed 
for TEM. Fourier transform infrared spectroscopy (FT-IR) 
characterization was performed using a Spectrum 400 FT-IR/  
FT-NIR Spectrometer (PerkinElmer). The wavelength range 
was set from 4,000 to 400 cm-1 to allow for analysis of the 
functional groups of the electrospun nanofibers. Thermo- 
gravimetric analysis (TGA) measurements were performed  
using a thermogravimetric analyzer – Pyris 6 (PerkinElmer ). 
For each measurement, 2–7 mg of electrospun polymer was 
loaded into a platinum pan, and weight loss was recorded 
at a rate of 10°C/min starting at room temperature up to 
600°C in a dry nitrogen environment. An X-ray diffraction
polymers to create a PVA/chitosan/AgNO solution. It (XRD) technique was used to study the crystallinity of the
should be noted that an added 0.0198 g of silver nitrate yields 
0.0126 g of silver. 
 
 
second layer 
PVP (12 wt%) was prepared by dissolving the polymer in 
distilled water at room temperature. Chlorhexidine (5 wt%) 
was added to the solution and kept on stirring at room tem- 
perature until a clear solution was formed. 
PEO (8 wt%) was prepared by dissolving the polymer 
in chloroform at room temperature. Chlorhexidine (5 wt%) 
was added to the solution and stirred continuously at room 
temperature until a clear solution was formed. 
 
Electrospinning 
The prepared solutions were placed in a syringe of size 5 mL. 
A tube was connected from the syringe, from one end, to the 
needle (gauge 23). Underneath the needle, a piece of aluminum 
foil was placed where the sample will be collected. Both the tip 
of the needle and the collector were connected to a high power 
supply. The electrospun fibers were obtained at an applied volt- 
age of 18 kV and at 10 cm collection distance. The first layer, 
which contained PVA/chitosan/AgNPs, was followed by the 
deposition of drug-loaded PVP or PEO in the second layer. 
 
characterization 
The morphology and diameter of the electrospun nanofiber 
mats were observed via an FEI Quanta 200 scanning electron 
microscopy (SEM) (FEI, Hillsboro, OR, USA). Small sections 
of the sample were cut, and Agar sputter coater was utilized  
to sputter a layer of gold over the sample. The morphology 
of the nanoparticles was studied using transmission electron 
microscope (TEM) images. Images were obtained using an 
sample and was carried out using a MiniFlex Desktop X-ray  
Diffractometer (Rigaku Corporation, Tokyo, Japan). The 
parameters used were as follows: source current 15 mA , 
voltage 30 kV, wavelength 1.5404 Å, and the start and stop 
angles 5° and 80°, respectively. 
 
Microorganisms and culture media 
In this study, four microbial species were used: Gram-positive 
bacteria, S. aureus (ATCC BAA-976); Gram-negat iv e 
bacteria, E. coli (ATCC 8739); Pseudomonas aeruginosa 
(ATCC BAA-1744); and Candida albicans (ATCC 10231). 
They were obtained from the American Type Culture Collec- 
tion and were cultured on LB agar (Lennox L; Invitrogen). 
 
antimicrobial sensitivity test 
Antimicrobial activity was investigated against the chosen 
microorganisms using the disk diffusion method as described 
previously.36   The McFarland 3 turbidity standard was  
used as a reference to inoculate fresh LB Agar plates with 
9×108 colony forming units (CFUs) of each microorganism in 
broth, which were later evenly spread on the medium surface. 
A 7 mm diameter disk was obtained from each membrane 
sample and placed onto the inoculated plates and incubated 
at 37°C for 18 hours. 
 
Results and discussion 
characterization 
seM 
The morphology of the external upper layer is depicted in  
Figure 1. Spindle-like beaded fiber with an average fiber 
diameter of 200.0–250.0 nm under the same conditions of 
18 kV applied power and 10 cm collecting distance was
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Figure 1 SEM image of fabricated electrospun mat. 
Notes: SEM image at 20,000× of electrospun nanofibers of PVA/chitosan/AgNPs blends of 12 wt%/0.6 wt%/0.9 wt%, respectively, using the following electrospinning 
conditions of 10 cm, 18 kV, and 0.3 mL/h. The EDS was collected on the PVA/chitosan/AgNPs.  
Abbreviations: SEM, scanning electron microscopy; PVA, poly(vinyl alcohol); AgNPs, silver nanoparticles; EDS, energy dispersive spectrum; wt, weight; HV, high voltage; 
Mag, magnification; WD, working distance. 
observed. In addition, the identi fic atio n of Ag as an elemental 
component was detected using the energy dispersive spectrum 
(EDS) as shown in Figure 1. Two peaks were relatively weak, 
but indicated the presence of Ag. The same conditions led to 
a uniform and homogeneous fiber in case of PVP (Figure 2) 
and nonhomogeneous fiber in case of PEO (Figure 3). 
 
TeM 
TEM was conducted on PVA/chitosan/AgNPs samples to 
investigate the presence of AgNPs. TEM images of the 
sample are presented in Figure 4. Nanofibers were success- 
fully obtained, and the size of silver grains captured showed 
that the loaded silver particles are in the nanosize. 
 
FT-Ir 
FT-IR was used to characterize the presence of specific chem- 
ical groups in the materials. Each wavelength corresponded 
to the unique chemical bonds in the material. Furthermore, 
the size of the produced peaks was related to the amount 
of the material present.37  Figure 5 shows the FT-IR results
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
+9         :'  0DJ                                                         P +9         :'  0DJ                                                   P
     N9        PP           î      N9        PP          î
Figure 2 SEM image of fabricated electrospun mat. 
Note: SEM image at 20,000× of electrospun nanofibers of PVP 12% (wt/v) using the 
following electrospinning conditions of 10 cm, 18 kV, and 0.3 mL/h. 
Abbreviations: SEM, scanning electron microscopy; PVP, polyvinylpyrrolidone; 
v, volume; wt, weight; HV, high voltage; Mag, magnification; WD, working distance.  
Figure 3 SEM image of fabricated electrospun mat. 
Note: SEM image at 1,000× of electrospun nanofibers of PEO 8% (wt/v) using the 
following electrospinning conditions of 10 cm, 18 kV, and 0.3 mL/h. 
Abbreviations: SEM, scanning electron microscopy; PEO, polyethylene oxide; 
v, volume; wt, weight; HV, high voltage; Mag, magnification; WD, working distance.
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Figure 4 TEM image showing AgNPs on a nanofiber. 
Abbreviations: TEM, transmission electron microscopy; AgNPs, silver nanoparticles. 
 
 
for the following samples: pure PVA, pure chitosan, PVA/ 
chitosan, PVA/chitosan/AgNPs, PVP–drug-loaded double 
layer, and PEO–drug-loaded double layer. 
The spectrum of PVA (Figure 5A) showed the typical 
absorption band occurring at 3,300 cm-1, demonstrating OH 
stretching. The band at 2,940 cm-1  indicates the asymmetric 
and symmetric stretching of CH . At 1,140 cm-1, stretching 
of CO from the crystalline sequence of PVA is shown.38 
The spectrum of chitosan (Figure 5B) shows characteristic 
absorption bands at ~2,872 and 3,319 cm-1, which is ascribed 
characteristic of PVP and of chlorhexidine. It can be observed 
that the intensity of the peak between 1,000 and 1,200 is lower 
compared to the peak in the spectra (A), (B), (C), and (D). The 
additional band characteristics of PVP appear at 1,647 cm-1 , 
which accounts for the carbonyl (C=O) stretching affected 
by hydrogen bond formation with water molecules.40  The 
additional band characteristics of chlorhexidine appear at 
1,492 cm-1,  which is related to the chlorophenol groups 
of chlorhexidine.41 
The spectrum of PVA/chitosan/AgNPs/PEO/chlorhexidine 
(Figure 5F) shows the characteristic absorption bands for 
pure PVA, pure chitosan, and the additional absorption bands 
characteristic of PEO and of chlorhexidine. The additional 
band of PEO appears at 1,644 cm-1, which is attributed to 
the C=O stretching vibration. Bending vibration shown at 
1,375 cm-1  is related to the O–H bond. Deformation vibra- 
tion shown at 1,465 and 1,342 cm-1  is related to C–H bonds. 
Bending vibration shown at 1,278 and 1,237 cm-1 is related to 
the O–H bonds. Stretching vibration shown at 1,140 cm-1  is
for the –CH and –OH groups, respectively. The band at related to the C–O bond.42 The additional band characteristic
1,152 cm-1 is attributed to the glycosidic bonding.39 The spec- 
trum of PVA/chitosan (Figure 5C) shows the characteristic 
absorption bands for pure PVA in addition to the absorption 
bands, which are characteristic of the chitosan sample. The 
spectrum of PVA/chitosan/AgNPs (Figure 5D) indicates  
that the AgNPs were well stabilized in the mixture without 
deterioration of functional groups. 
The spectrum of PVA/chitosan/AgNPs/PVP/chlorhexidine 
(Figure 5E) shows the characteristic absorption bands for 
pure PVA, pure chitosan, and the additional absorption bands 
 
 
) 
( 
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& 
 
% 
of chlorhexidine appears at 1,492 cm-1, which is related to 
the chlorophenol groups of chlorhexidine.41 
 
Tga 
Tga for the upper layer of the fabricated mat 
Figure 6 shows the TGA results for the following samples: 
pure PVA, pure chitosan, PVA/chitosan, PVA/chitosan/ 
 
 
 
   
 
 
$ 
                                                                    
:DYHQXPEHU  FP±   
 
Figure 5 comparative result of FT-Ir spectra for all fabricated samples. 
Notes: FT-IR shown is for (A) PVA, (B) chitosan, (C) PVA/chitosan, (D) PVA/ 
chitosan/AgNPs, (E) PVA/chitosan/AgNPs/PVP/chlorhexidine, and (F) PVA/chitosan/ 
AgNPs/PEO/chlorhexidine. 
Abbreviations: FT-IR, Fourier transform infrared spectroscopy; PVA, poly(vinyl 
alcohol); AgNPs, silver nanoparticles; PVP, polyvinylpyrrolidone; PEO, polyethylene 
oxide. 
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Figure 6 comparative result of Tga spectra for all samples. 
Notes: TGA shown is for PVA, chitosan, PVA/chitosan, PVA/chitosan/AgNPs, PVA/ 
chitosan/AgNPs/PVP/chlorhexidine, and PVA/chitosan/AgNPs/PEO/chlorhexidine. 
Abbreviations: TGA, thermogravimetric analysis; PVA, poly(vinyl alcohol); AgNPs, 
silver nanoparticles; PVP, polyvinylpyrrolidone; PEO, polyethylene oxide.
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 Table 1 comparison  of experimental and standard diffraction 
angles for AgNPs 
Experimental diffraction           Standard diffraction angle (2θ in 
angle (2θ in degrees)                 degrees), JCPDS silver: 04-0783 
 
38.57                                            38.116   
44.7                                              44.277   
65                                                64.426   
78.2                                              77.472   
Abbreviations: AgNPs, silver nanoparticles; JCPDS, Joint Committee on Powder 
Diffraction standards. 
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AgNPs, PVP–drug-loaded double layer, and PEO–drug- 
loaded double layer. 
The decomposition of PVA undergoes three stages. First, 
the initial weight loss at 50°C–170°C is attributed to moisture 
vaporization. Second, a weight loss begins at 240°C, which is 
related to the decomposition of the side chain of PVA. In the 
third stage, starting at 400°C, further degradation takes place 
for polyene residues that result in carbon and hydrocarbons.43 
The decomposition of chitosan undergoes three stages. First, 
weight loss at 40°C–140°C is attributed to the moisture 
vaporization. The second stage of weight loss starts at 230°C. 
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Dovepress
This corresponds to more strongly linked structural water. 
At the third stage, at 320°C, the weight loss is related to the 
                                                   
 θ
degradation of polymeric chains of chitosan.39  The sample 
shows slightly higher thermal stability that could correspond 
to the presence of the metal (AgNPs). 
 
TGA for the PVP–drug-loaded double layer 
Initially, PVA/chitosan/AgNPs/PVP/chlorhexidine showed a 
weight loss at 50°C–100°C, which is attributed to the mois- 
ture vaporization. Thermal degradation of the sample shows 
a behavior that resembles that of PVP found in literature.44 
PVP could be dominant as it has the highest thermal stability 
in comparison to other constituents in the sample. The major 
weight loss between 380°C and 460°C can be assigned to 
normal thermal decomposition of PVP. The last weight loss 
over 470°C can be attributed to the elimination of carbon 
residues and embedded organic fragments, resulting from 
Figure 7 XRD spectra for electrospun PVA/chitosan/AgNPs. 
Note: The four diffraction peaks are ascribed to corresponding reflection planes of 
FCC structure of Ag phase. 
Abbreviations: XRD, X-ray diffraction; PVA, poly(vinyl alcohol); AgNPs, silver  
nanoparticles; FCC, face-centered cubic; au, atomic unit; Ag, silver. 
 
to the (111), (200), (220), and (311) reflection planes of the 
face-centered cubic structure of Ag phases, respectively.46,47 
The results observed were matched with the standard powder 
diffraction card of Joint Committee on Powder Diffraction  
Standards, silver file no 04-0783, which prove that the par- 
ticles obtained are AgNPs (Table 1).48 
 
Particle size calculations 
The average particle size was calculated (approximately) by 
using the Debye-Scherrer formula:49
the thermal reactions. This composition was found to have 
the highest thermal stability. 
D = 
  0.9λ   
β cosθ 
 
(1)
TGA for PEO–drug-loaded double layer 
After the initial weight loss between 50°C and 100°C, due 
to moisture vaporization, decomposition of PVA/chitosan/ 
AgNPs/PEO/chlorhexidine showed other weight losses at 
230°C and between 340°C and 420°C. According to the 
literature,45 decomposition of PEO happens between 340°C and 
420°C. Weight loss at ~230°C could correspond to the PVA and 
chitosan decomposition. This system showed higher thermal 
stability in comparison with the PVA/chitosan/AgNP layer. 
 
XrD 
Peak indexing 
Indexing (determination of the unit cell dimensions through 
peak positioning) is the principal step in the analysis of 
a diffraction pattern. The XRD pattern of PVA/chitosan/ 
AgNPs is shown in Figure 7. There are four diffraction  
peaks observed at 38.57°, 44.6°, 65.1°, and 78.2° in the 2θ 
range 20°–80° of the sample. These peaks can be assigned 
where D is the particle diameter size, λ is the wavelength of 
the X-ray (0.1541 nm), β is the full width at half maximu m, 
and θ is the diffraction angle. The particles sizes obtained 
ranged from 16.23 to 20.89 nm, the details of which are 
listed in Table 2. 
 
antimicrobial susceptibility test 
For antimicrobial assessment, the prepared samples were 
tested against four microorganisms, S. aureus (Gram-positive
 2210 
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Table 2 Calculated grain size for AgNPs 
2θ of the         Miller     θ of the           FWHM of       Size of the 
intense peak   indices   intense peak   intense peak   particle 
(degrees)        (hkl)       (degrees)        (β), radians     (D), nm 
     
38.57                (111)       19.29                0.0094              16.23      
44.7                  (200)       22.35                0.0077              19.33      
65                    (220)       32.50                0.0073              20.89      
78.2                  (311)       39.10                0.0084              18.26      
Abbreviations: AgNPs, silver nanoparticles; FWHM, full width at half maximum. 
 
 
 
cocci), E. coli and P. aeruginosa (Gram-negative rods), and 
C. albicans (pathogenic skin yeast), using the agar diffusion 
method as described previously to assess their antimicrobial 
activity. The inhibition zone produced by each sample was 
measured. Figure 8 shows PVA/chitosan (control), PVA/ 
chitosan/AgNPs, PVP–drug-loaded, and PEO–drug-loaded  
samples against S. aureus, E. coli, P. aeruginosa, and 
C. albicans. It was found that PVA/chitosan sample did not 
exhibit any antibacterial activity against any of the tested  
microorganisms. PVA/chitosan/AgNPs showed inhibition  
against all tested microorganisms. The strongest activity 
was against S. aureus (18 mm), followed by E. coli and 
C. albicans (15 mm) and then by P. aeruginosa (10 mm). 
The antimicrobial activity of AgNPs is known to work via 
different mechanisms,50  such as releasing reactive oxygen 
species that destruct the cellular membrane, physical contact 
of the AgNP into the microbe provoking cellular damage,51  
and silver ion release into the microorganisms that interfere 
with its cellular activity and DNA replication.34 
Chlorhexidine loaded on PVP showed antimicrobial inhi- 
bition against all tested microorganisms. The strongest activity 
was against S. aureus (16 mm) followed by E. coli (14 mm), 
C. albicans (12 mm), and then P. aeruginosa (10 mm). 
Chlorhexidine works against a broad spectrum of bacteria 
and fungi by reacting with the negatively charged phosphate 
groups found on the cell membrane of the microorganisms . 
This interference causes leakage of cytoplasmic chemicals , 
membrane destruction, and inhibition of enzyme activ - 
ity inside the microbe.52   Chlorhexidine loaded on PEO 
showed antibacterial inhibition against all tested micro- 
organisms. The strongest activity was against S. aureus (21 
mm), followed by E. coli, C. albicans (17 mm), and then P. 
aeruginosa (10 mm). 
It can be observed that the drug loaded on PEO showed 
higher antibacterial activity in comparison to the drug loaded 
on PVP. This may be related to the interaction of PEO or 
PVP with the drug. From the chemical structures of the 
compounds, it is expected that PVP and the drug will have 
a hydrogen-bonded interaction between –C=O on PVP and 
H–N– on the drug. Hence, PVP interaction with the drug 
is stronger than PEO interaction with the drug. This allows  
easier drug release from the PEO–drug-loaded nanofibers 
mat, causing an enhanced antibacterial activity in comparison 
to PVP–drug-loaded nanofiber mats.
$ %                                                 Of importance, all antibacterial active samples in this 
study, PVA/chitosan/AgNPs, PVP/chlorhexidine, and PEO/  
chlorhexidine, were shown to have the strongest activity  
against S. aureus. On the other hand, the microorganism that 
thrived the most in the presence of these samples was P. 
aeruginosa (Figure 9). 
 
Conclusion 
& '           In this study, two novel wound dressing nanofibers with 
a dual function were prepared. The design for both dress- 
                                                                                               ings consisted of the same system: two electrospun layers   
loaded with the same drug. The external upper layer, PVA/ 
chitosan/AgNPs, was a common layer in both systems, 
                                                                                                  which faced the environment. The lower layer, contain- 
  
ing chlorhexidine, an antibiotic drug, was uploaded into a 
polymer. In one system, the antibiotic drug was uploaded on 
PVP, while in the other system, the drug was uploaded
Figure 8 antimicrobial susceptibility disk diffusion test. 
Notes: (1) PVA/chitosan (control), (2) PVA/chitosan/AgNPs, (3) PVP-drug loaded, 
and (4) PEO–drug loaded against (A) Staphylococcus aureus, (B) Escherichia coli, (C) 
Pseudomonas aeruginosa, and (D) Candid albicans. 
Abbreviations:  PVA,  poly(vinyl  alcohol);  AgNPs,  silver  nanoparticles;  PVP, 
polyvinylpyrrolidone; PeO, polyethylene oxide. 
on PEO. The designed polymer system was fabricated via 
the electrospinning technique, which was chosen because 
of the benefic ial properties obtained when creating a wound 
dressing that consisted of nanofibers.
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